UV Raman spectroscopy is a powerful tool for investigating the structures and interactions of the aromatic side chains of Phe, Tyr, Trp, and His in proteins. This is because Raman bands of aromatic ring vibrations are selectively enhanced with UV excitation, and intensities and wavenumbers of Raman bands sensitively reflect structures and interactions. Interpretation of protein Raman spectra is greatly assisted by using empirical correlations between spectra and structure. Many Raman bands of aromatic side chains have been proposed to be useful as markers of structures and interactions on the basis of empirical correlations. This article reviews the usefulness and limitations of the Raman markers for protonation/deprotonation, conformation, metal coordination, environmental polarity, hydrogen bonding, hydrophobic interaction, and cation-π interaction of the aromatic side chains. The utility of Raman markers is demonstrated through an application to the structural analysis of a membrane-bound proton channel protein.
Introduction
A protein is comprised of one or more linear polymers of amino acids connected by peptide bonds (Fig. 1) . The formation of a peptide bond by dehydration reaction produces planar amide groups between two successive amino acids, and the Cα atom of each amino acid bridges two amide groups forming the peptide main chain. The side chains of amino acids stick out from the main chain at the Cα position. Usually, up to twenty kinds of amino acids differing in side chain structure are used to construct proteins in living organisms. The sequence of amino acids in a polypeptide chain is the determinant of the three-dimensional structure of the protein, and the function of the protein is closely related to the structure. Structural analysis of proteins is thus important to understand the molecular mechanisms of protein functions.
Among the twenty standard amino acids, phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp), and histidine (His) are classified into the group of aromatic amino acids because they contain an aromatic ring (benzene, phenol, indole, or imidazole ring, respectively) in the side chain (Fig. 1) . The aromatic rings of these amino acids are electron-rich and bulky compared to the side chains of most other amino acids, and they can be involved in hydrophobic (Phe, Tyr, and Trp), hydrogen bonding (Tyr, Trp, and His), cation-π (Phe, Tyr, Trp, and His), and other interactions with nearby residues or with exogenous components. The planarity of the aromatic ring limits the conformational freedom of the side chain, and the orientation of the ring plane sometimes plays an important role in the interaction. These unique properties of aromatic amino acids are fully utilized in the structural formation and the functional performance of proteins.
Raman spectroscopy is a tool for observing molecular vibrations by using inelastic light (photon) scattering. energy gain is also possible but weaker than the commonly observed energy loss scattering.) The energy difference between the incident and scattered photons corresponds to the energy of vibration and is usually expressed in units of wavenumbers (cm -1 ). In the Raman spectrum, the intensity of scattered light is plotted against the wavenumber. The wavelength of the light used to excite a molecule for Raman scattering observation is called the excitation wavelength.
When the excitation wavelength is close to or within one of the electronic absorption bands of the molecule, strong Raman scattering occurs from some molecular vibrations that are coupled (resonant) with the electronic transition responsible for the absorption band. Such resonance enhancement of Raman intensity sometimes amounts to about four orders of magnitude. 2, 3 The aromatic rings of Phe, Tyr, Trp, and His exhibit absorption bands due to π-π* transitions in the UV region (Fig. 2) , and excitation of the aromatic residues with UV light produces resonance enhancement of Raman scattering from the aromatic rings. Figure 3 shows the Raman spectra of Phe, Tyr, Trp, and His recorded with an excitation wavelength of 229 or 244 nm. The Raman bands in these spectra are all ascribed to aromatic ring vibrations resonant with one or more π-π* transitions, The spectra were recorded in H2O solution with 229-nm excitation for Phe and His or with 244-nm excitation for Tyr and Trp. while vibrations of non-aromatic parts of the molecule are not detected in the spectra. Some strong bands of Phe, Tyr, and Trp are marked with the one-letter code of the amino acid (F, Y, or W) followed by the vibrational mode number. Such selective enhancement of Raman intensity for aromatic ring vibrations also occurs in UV Raman spectra of proteins, eliminating interference from the other parts of the protein or from solvents and allowing structural studies at low concentrations relevant to physiological levels. This article reviews the utility and methodology of UV Raman spectroscopy in the structural analysis of protein aromatic side chains.
UV Raman Instrumentation
A typical UV Raman spectrometric system consists of a UV laser for excitation of Raman scattering, a spinning quartz cell for minimizing the sample damage caused by UV irradiation, and a spectrograph for dispersing and detecting the Raman scattered light (Fig. 4) . Among UV lasers, the lasers operating in a continuous mode are preferred to those of pulsed mode because the high peak power of laser pulses tends to induce photochemical damage in the sample. To obtain high-quality UV Raman spectra with a low power of UV irradiation, one requires a high-throughput spectrograph and a highly sensitive detector. In our laboratory, a spectrograph equipped with a prism filter was developed to gain a high throughput of Raman scattered light and to efficiently eliminate interfering light, i.e. non-elastically scattered laser light (Rayleigh scattering) in the shorter wavelength region and fluorescence from the sample in the longer wavelength region. 10 High-performance UV detection with a minimized background dark signal is achieved by using a back-illuminated, UV/anti-reflection-coated, liquid-nitrogencooled CCD detector.
Raman Markers of Structures and Interactions
The wavenumber and intensity of a Raman band reflect the structure and interaction of the vibrating atomic group that is responsible for the Raman band. To fully exploit the Raman signals from a protein, it is necessary to assign the observed Raman bands to specific parts of the protein and then to interpret the wavenumbers and intensities of individual Raman bands in terms of structure and interaction. Interpretation of protein Raman spectra is greatly assisted by spectra-structure correlations, which are, in most cases, empirically derived from Raman spectra of small model compounds in crystals with known structure or dissolved in solvents with various properties. The Raman bands that can be used to extract structural information from Raman spectra are called "Raman makers." For aromatic side chains, many useful Raman markers have been reported and some of them will be reviewed below.
3·1 Protonation/deprotonation
Protonation or deprotonation is possible in the aromatic side chains of Tyr and His. The pKa values of these aromatic side chains in proteins are reported to be 10.3 ± 1.2 for Tyr and 6.6 ± 1.0 for His. 11 Although the deprotonation of the phenolic OH group of Tyr is unlikely to occur at physiological pH, deprotonated Tyr (Tyr -), if present, can be readily detected by UV Raman spectroscopy because the La absorption band shifts from 220 to 240 nm upon deprotonation (Fig. 2) , and excitation at ~240 nm produces selective resonance enhancement of the Raman bands of Tyr -. 7, 8 The deprotonation also causes shifts of the Y8a, Y8b, and Y9a bands at 1617, 1601, and 1180 cm -1 (Fig. 3b) by about -15, -40, and -5 cm -1 , respectively. 6, 8 The imidazole side chain of His carries two nitrogen atoms, Nτ and Nπ (Fig. 3d) . In the neutral form, one of the nitrogen atoms is protonated, while the other is deprotonated. The Nτ-H and Nπ-H tautomers are in equilibrium with each other at neutral or alkaline pH, giving Raman bands assignable to one or both tautomers (Fig. 3d) . [12] [13] [14] [15] At acidic pH values below the pKa (6.6), both nitrogen atoms are protonated to form cationic imidazolium (HisH + ). The Raman spectrum of His is strongly dependent on the state of protonation, as shown in Figs. 3d and 3e. Because the UV absorption of His is weak compared to the other aromatic residues (Fig. 2) , the Raman bands of His are also weak. In D2O solution, however, the N-deuterated cationic form (HisD + ) gives a strong band at 1408 cm -1 (Fig. 5) , which is ascribed to the symmetric stretch of the Nτ-C2-Nπ linkage, ν(NτC2Nπ). 16 The intensity of the 1408 cm -1 band is comparable to those of Raman bands due to other aromatic residues and can be used to monitor the protonation of His residues in proteins. 15, [17] [18] [19] [20] [21] 
3·2 Conformation
The wavenumbers and modes of molecular vibrations are sensitive to the conformation of the molecule.
Raman spectroscopy monitoring the molecular vibration is thus an appropriate tool for studying molecular conformation. Although the aromatic rings of Phe, Tyr, Trp, and His are planar and have no conformational freedom within the aromatic ring, the peripheral linkage connecting the aromatic ring to the peptide main chain, C(ring)-Cβ-Cα, has conformational freedom. Of the two C-C bonds, the torsion about the C(ring)-Cβ bond has a possibility to influence the aromatic ring vibrations because of its direct attachment to the ring. So far, conformational dependence has been reported for a few ring vibrations of Trp and His. Phe and Tyr, having higher torsional symmetry about the C(ring)-Cβ bond, may be less sensitive to the conformation than Trp and His. The W3 Raman band of Trp at ~1550 cm -1 ( Fig. 3c ) arises from an indole ring vibration mainly contributed from the C2=C3 stretch. 22 From its vibrational mode, the wavenumber of W3 is expected to be affected by the torsion angle (χ 2, 1 ) of the C2=C3-Cβ-Cα linkage. Figure 6 shows a plot of the W3 wavenumber (ν) against the absolute value of the torsion angle (| χ 2,1 |) observed for seven crystals of Trp and its derivatives with known structure. 23 The plot can be fitted by the following equation:
The | χ 2,1 | dependence in Eq.
(1) appears complicated, but the equation is almost identical to simpler Eq. (2).
The threefold cosine dependence on | χ 2,1 | may be due to an interaction between the π orbitals of the indole ring and the sp 3 hybrid orbitals of Cβ through the torsional axis C3-Cβ. A very similar | χ 2,1 | dependence was observed for an analog of Trp with deuterated ring carbons, Trp-2,4,5,6,7-d5, 24 confirming that the W3 wavenumber serves as a marker of | χ 2,1 |. The orientation of the indole ring with respect to the peptide main chain is affected not only by χ 2,1 but also by another torsional angle (χ 1 ) of the C3-Cβ-Cα-N linkage. In proteins, the χ 1 value is restricted to a few regions of rotational space depending on the secondary structure of the polypeptide chain. 25 If the χ 1 angle is limited to a few values by the secondary structure, the | χ 2,1 | value determined by Raman spectroscopy can be used in building plausible orientation models of the Trp indole ring in the protein structure. [26] [27] [28] Conformational dependence has also been found for two . Their wavenumbers observed in twelve crystals of His and its derivatives with known structure are plotted against the absolute value of the χ 2,2 torsional angle of the C5=C4-Cβ-Cα linkage in Fig. 7 . 30 The deviation of the data points from a smooth curve is ascribed to the fact that the wavenumbers of these two Raman bands are affected by hydrogen bonding as well. Including the hydrogen bonding effect, the observed wavenumber ν is well approximated by the following equation:
where rτ and rπ are the distances of X···H at the Nτ and Nπ sites. 6 for ν(NτC2Nπ). As in the case of Trp, a threefold cosine dependence is evident from Fig. 7 , indicating that both ν(C4=C5) and ν(NτC2Nπ) are basically dependent on the torsional angle | χ 2,2 |. Additionally, the hydrogen bonding at Nτ increases the ν(C4=C5) wavenumber, whereas that at Nπ decreases the ν(C4=C5) wavenumber and increases the ν(NτC2Nπ) wavenumber.
3·3 Metal coordination
The nitrogen atoms of the His imidazole ring serve as binding sites for divalent metal ions such as Cu 2+ and Zn
2+
. This property of the His side chain is exploited in binding and activating metal ions that are needed to perform protein functions. At neutral or alkaline pH, His exists as one of the Nτ-H and Nπ-H tautomers described in Sect. 3·1, and each tautomer has one free nitrogen atom, to which a metal ion can bind. Under special conditions, Nτ and Nπ bind different metal ions and an imidazolate bridge is formed between the two metal ions. Metal binding affects the electron distribution over the imidazole ring, resulting in wavenumber changes of some ring vibrations.
Examination of Raman spectra of metal-bound His and its analogs in the crystalline state and in solution has revealed that ν(C4=C5) and a few ring stretch vibrations can be used as markers of metal binding. 31 As Fig. 8 shows, the ν(C4=C5) wavenumber of the Nπ-H tautomer increases from 1587 cm -1 (Fig. 3d) to 1606 -1594 cm -1 when a metal ion binds to Nτ. Additionally, a Raman band due to a ring stretch mode of the metal-bound form appears at 1440 -1434 cm -1 . For the Nτ-H tautomer, the ν(C4=C5) wavenumber increases from 1573 cm -1 (Fig. 3d) to 1590 -1573 cm -1 and a ring stretch band appears at 1277 -1272 cm -1 upon metal binding to Nπ. The imidazolate bridge is characterized by a ν(C4=C5) band at 1567 -1555 cm -1 and a ring stretch band at 1292 -1282 cm -1 . Generally, metal coordination shortens the C4=C5 bond and raises the ν(C4=C5) wavenumber of neutral His, 32 suggesting the utility of ν(C4=C5) as a measure of the strength of metal coordination.
3·4 Environmental polarity
The polarity of the environment does not directly affect the wavenumbers of Raman bands because Raman-active vibrations are not usually accompanied by a significant change of electric dipole moment that interacts with the environmental polarity. However, intensities of Raman bands are influenced by the environmental polarity through electronic transitions, in particular under resonance conditions. This is because electronic states are affected by the environmental polarity and resonance enhancement of Raman scattering strongly depends on the intensity of electronic absorption near the Raman excitation wavelength. Figure 9 shows UV absorption spectra of N-acetyl-Lphenylalanine ethyl ester (AcPheEE), N-acetyl-L-tyrosine ethyl ester (AcTyrEE), and 3-methylindole (skatole) dissolved in various solvents. 33, 34 Since the benzene ring of Phe does not form hydrogen bonds, the solvent effect on the UV absorption spectrum of AcPheEE is ascribed to environmental polarity and/or polarizability. In Fig. 9a , the La absorption of Phe in the 200 -260 nm region is stronger in CH3OH than in H2O and CH3CN. Since the polarity of CH3OH is much lower than those of H2O and CH3CN, 35, 36 the change of absorption spectrum suggests that the Phe side chain gives stronger Raman scattering in less polar environments if the excitation wavelength is within the above-mentioned UV region. Actually, the F12 Raman band of Phe at 1004 cm -1 (Fig. 3a) , which is resonant with the La transition, 7,9,37 has been reported to be enhanced up to twice by a decrease of environmental polarity when excited at 220 -240 nm. 33, 38, 39 It has also been found that the Raman intensity change is much larger than the change of absorption intensity at the excitation wavelength. These The phenol ring of Tyr and the indole ring of Trp can form hydrogen bonds, and the UV absorption bands of these aromatic rings are affected not only by the environmental polarity but also by hydrogen bonding. Among hydrogen bonding solvents, CH3OH is less polar than H2O. 35, 36 Accordingly, the solvent change from H2O to CH3OH may be used to monitor the effect of polarity decrease without affecting the hydrogen bonding state. The UV absorption spectra in Fig. 9b show that the La absorption of the Tyr phenol ring is stronger in CH3OH than in H2O, suggesting that the Raman intensity increases with decrease of environmental polarity. Analogous solvent effects are also seen for the Bb and La absorption bands of the Trp indole ring (Fig. 9c) . Comparison of the Raman spectra excited at 229 nm and longer wavelengths has shown that the side chains of Tyr and Trp give stronger Raman bands in less polar environments provided that the hydrogen bonding state is unaltered. 33, 34, 39 The UV absorption of the His imidazole ring is much weaker than those of Phe, Tyr, and Trp (Fig. 2) , and no solvent effects have been reported on the Raman intensity of His. The imidazole ring has two nitrogen atoms that can be involved in hydrogen bonding. Effects of environmental polarity on Raman bands of His, if any, may be smaller than hydrogen bonding effects.
3·5 Hydrogen bonding
Hydrogen bonding affects molecular vibrations as well as electronic transitions. Therefore, the effect of hydrogen bonding is expected to appear both in the intensity and in the wavenumber of Raman bands. A small red-shift of the La absorption occurs for AcTyrEE upon solvent change from CH3CN to CH3OH (Fig. 9b) . The red-shift suggests that hydrogen bonding enhances the Raman bands resonant with the La transition when excited at a wavelength longer than the peak wavelength (λmax) of the La band. Figure 10 demonstrates a dramatic effect of hydrogen bonding on the 240-nm-excited Raman intensity of the Tyr Y9a band at 1180 cm -1 . 40 In this experiment, p-cresol, a model compound of Tyr, was first diluted in non-hydrogen-bonding hexane and then a trace amount of a third component was added. When the third component was a stronger proton acceptor than p-cresol, the Y9a Raman intensity increased two or more times depending on the strength of the proton acceptor ([(CH3)2N]3PO, C2H5OH, and (C2H5)2O in Fig. 10 ). On the contrary, when the third component was a stronger proton donor than p-cresol, the Y9a intensity decreased to about a half (CF3COOH in Fig. 10 ). These observations clearly indicate that the UV Raman intensity of the Tyr Y9a band can be used as a marker of hydrogen bonding. The intensity of the Y9a Raman band is high when the phenolic OH group of Tyr acts as a proton donor, while it is low when the OH group is involved in hydrogen bonding as a proton acceptor. In the donor-acceptor or non-hydrogen bonding state, the intensity is medium. Taken together with the effect of environmental polarity described in the preceding section, the La-resonant Raman bands are expected to be strongest when the phenol ring is hydrogen bonded as a proton donor in non-polar environments.
In contrast to the phenol ring of Tyr, the indole ring of Trp can act only as a proton donor in hydrogen bonding. As was observed for the Tyr La band, a red-shift occurs for the Bb absorption band of skatole on going from non-hydrogen-bonding cyclohexane solution to hydrogen-bonding CH3OH and butanol solutions (Fig. 9c) . The Raman bands resonant with the Bb transition are thus expected to be enhanced when excited at a wavelength longer than the λmax of the Bb band. Actually, enhancement of Raman bands in the proton donor state has been observed for the Bb-resonant Raman bands (W3, W7, W16, and W18) with 229 nm and longer wavelength excitation. 34 Similarly to the case of La-resonant Raman bands of Tyr, the Bb-resonant Raman bands of Trp are expected to be strongest when the indole ring is hydrogen bonded as a proton donor in non-polar environments. 34 Hydrogen bonding also affects the wavenumbers of Raman bands of Tyr, Trp, and His. Although the O-H or N-H stretching mode of the aromatic ring is expected to be most sensitive to hydrogen bonding, the Raman bands of such vibrations of Tyr, Trp, and His are not resonance enhanced even with UV excitation and are covered by the O-H stretching band of solvent H2O. Accordingly, one must find other vibrations that are sensitive to hydrogen bonding and enhanced with UV excitation.
The Tyr Y7a′ band around 1260 cm -1 (Fig. 3b) arises from the C-O stretching vibration of the phenol ring. This vibrational mode makes the Y7a′ band sensitive to the state of hydrogen bonding at the phenolic OH site. The Y7a′ band appears around 1265, 1240, and 1255 cm -1 when the OH group acts as a proton donor, acceptor, and donor/acceptor, respectively. 41 On the other hand, the Y8a band around 1615 cm -1 and the Y8b band around 1600 cm -1 (Fig. 3b ) are reported to shift to lower wavenumbers with increase of the proton donation to an acceptor. 38, 42 Another hydrogen bonding marker of Tyr is the doublet at 850/830 cm -1 (Fig. 3b) , which arises from a Fermi resonance (vibrational coupling) between the fundamental of the Y1 in-plane vibration and the first overtone of an out-of-plane vibration of the phenol ring. Hydrogen bonding is considered to affect the Fermi resonance through alternation of the relative wavenumber positions of the fundamental and overtone bands, resulting in a change of the doublet intensity ratio (I850/I830). With visible light excitation, the I850/I830 value was found to be about 0.3, 2.5, and 1.25 when the phenolic OH group acts as a proton donor, acceptor, and donor/acceptor, respectively. 43 The doublet was reported to become a singlet when the phenol ring is not hydrogen bonded in a strongly hydrophobic environment or in vacuo. 44, 45 This observation raises the possibility that the Fermi resonance may also be affected by intermolecular interactions other than hydrogen bonding. In UV Raman spectra, the intensity ratio I850/I830 slightly deviates from the values found with visible light excitation. For example, amino acid Tyr dissolved in H2O, which is expected to be in the donor/acceptor state and to give a I850/I830 ratio of about 1.25, actually exhibits a ratio of 1.7 in the 244-nm-excited Raman spectrum (Fig. 3b) .
The wavenumber of the W17 band of Trp around 880 cm -1 (Fig. 3c ) is known to be sensitive to hydrogen bonding. 46 Figure 11 shows a plot of the W17 wavenumber against the wavenumber of the indole N-H stretch vibration observed for model compounds in the crystalline state or in solution. (The N-H stretch vibration was monitored by infrared absorption spectroscopy.) Since the wavenumber of the N-H stretch vibration decreases with increase of the strength of hydrogen bonding, the positive correlation between the two wavenumbers in Fig. 11 indicates that the W17 wavenumber also decreases with increase of the strength of hydrogen bonding. The W17 wavenumber is lowest at ~871 cm -1 in the strongly hydrogen-bonded state and highest at ~883 cm -1 in the non-hydrogen-bonding state. The W17 band can be identified in UV resonance Raman spectra of proteins and serves as a marker of hydrogen bonding at the indole N-H site of Trp.
As described in Sect. 3·2, the ν(C4=C5) and ν(NτC2Nπ) wavenumbers of N-deuterated imidazolium, HisD + , are sensitive to hydrogen bonding. Although some vibrations of the neutral form of His might also be sensitive to hydrogen bonding, the Raman intensity in the neutral form is weak and no Raman spectral data are available about the hydrogen bonding effect on neutral His.
3·6 Hydrophobic interaction
In aqueous solution, non-polar molecules cluster together and exclude water molecules from the clustering region to minimize the disturbance to the hydrogen-bonding network of water. Such clustering of non-polar molecules in water is called the hydrophobic effect, though the main contributor to the stability of the hydrophobic cluster comes from the free energy of the surrounding water system. 47, 48 Within the hydrophobic cluster, non-polar molecules are attracting each other by van der Waals forces, and such hydrophobic interaction affects the force field for molecular vibrations, resulting in changes of vibrational wavenumbers.
An example of the effect of hydrophobic interaction on the vibrational wavenumber is seen for Trp. The W7 in-plane vibration of Trp gives a doublet around 1360/1340 cm -1 in Raman spectra (Fig. 3c ) and the appearance of the doublet is ascribed to a Fermi resonance between the W7 fundamental vibration and a combination of out-of-plane vibrations. 49 From visible-light-excited Raman spectra of model compounds dissolved in various solvents, the doublet intensity ratio I1360/I1340 was shown to increase with increase of the hydrophobic interaction. Figure 12 shows the 240-nm-excited Raman spectra of N-acetyl-L-tryptophan ethyl ester (AcTrpEE) dissolved in H2O, CH3CN, CH3OH, and CH2Cl2. The hydrophobic interaction between the solute and solvent is expected to increase with the solvent hydrophobicity. Actually, with increase of the solvent hydrophobicity, 50 the W7 intensity ratio I1360/I1340 increases from about 0.7 to 1.2, as seen in Fig. 12 . The dependence of I1360/I1340 on the hydrophobic interaction may be accounted for by a change in the relative wavenumber positions of the fundamental and combination bands caused by van der Waals forces. The doublet has been found to become a triplet when the hydrophobic interaction is unusually strong, 51 suggesting an involvement of another combination in the Fermi resonance with W7.
With excitation at a wavelength of ≤230 nm, the value of I1360/I1340 is significantly increased compared to that observed with excitation at ≥240 nm. 52, 53 Probably, with excitation at ≤230 nm, the 1360 cm -1 component of the doublet is overlapped by a combination or overtone band that is not involved in the Fermi resonance with W7 but is enhanced through resonance with the Bb absorption at 218 nm (Fig. 2) . The utility of the W7 doublet intensity ratio I1360/I1340 as a marker of hydrophobic interaction may be limited only to cases when the Raman spectrum is excited at ≥240 nm. The I1360/I1340 values observed with 230-nm excitation for model compounds dissolved in varied solvents were reported to show a dependence on the solvent polarity/polarizability. 
3·7 Cation-π interaction
The π-electron system of an aromatic ring attracts a positive charge in the neighborhood with an interaction energy comparable to that of a hydrogen bond. 54 The cation-π interaction is increasingly recognized as an important factor that takes part in protein structure and function. The aromatic rings of Phe, Tyr, and Trp can serve as a π-electron system in the interaction with the cationic side chains of Arg, Lys, and cationic His as well as with the amino terminus NH3 + . Many cation-π interactions involving aromatic residues have been identified in protein crystal structures revealed by X-ray diffraction or in solution structures revealed by NMR on the basis of proximity between the π-electron system and the cation. 54, 55 Among the aromatic rings of amino acids, the indole ring of Trp is known to be best suited for the cation-π interaction.
54,55 Figure 13 shows the effect of cation-π interaction on the absorption spectrum of N,N′-bis (2-(3-indolyl) ethyl)-4,13-diaza-18-crown-6 (IE18C6), which contains two indole rings linked to the nitrogen atoms of diaza-18-crown-6. The crown ether ring of the model compound captures a K + ion and the indole side arms sandwich the captured cation. 56 Although the effect of K + binding on the absorption spectrum is not large, it is evident from the difference spectrum that the indole-K + interaction induces a small red-shift of the Bb absorption accompanied by an intensity decrease. 27 This type of change in absorption spectrum has not been observed in solvent effect studies (Fig. 9c) . In the right section of Fig. 13 , the unusual change of the Bb absorption is schematically depicted. The cation-π interaction causes an increase of the absorption intensity at 229 nm and a decrease at 244 nm, predicting an intensity increase and a decrease of Bb-resonant Raman bands excited at 229 and 244 nm, respectively. Actually, in the presence of cation-π interaction, the W1, W3, and W16 Raman bands of IE18C6 become stronger and weaker when excited at 229 and 244 nm, respectively. 27 The Trp indole ring has also been found to undergo a cation-π interaction with the Cu ion. 57, 58 For Phe and Tyr, no Raman markers of cation-π interaction have been reported.
Application of Raman Markers
The Raman markers of structures and interactions described above have been applied to many proteins. Among the markers, those based on the wavenumber of a Raman band can be used not only in UV resonance Raman spectroscopy but also in non-resonance Raman spectroscopy with visible-light excitation. The usefulness of the Raman markers has been verified in studies on structures and functions of various kinds of proteins including enzymes, bioactive peptides, and membrane-bound proteins. An example of such applications will be briefly described below.
The M2 protein of influenza A virus forms a transmembrane homotetramer, which is activated as a proton channel at acidic pH and plays an important role in the virus infection. Each polypeptide chain of the M2 protein is composed of 97 amino acid residues with a putative transmembrane domain composed of about 25 residues including His at position 37 and Trp at position 41. To study the roles of His37 and Trp41 in the proton channel activity, we incorporated a peptide representing the M2 transmembrane domain (M2-TMP) into model lipid membranes (Fig. 14) , and then we examined the structure of the channel by UV Raman spectroscopy. Figs. 15e and 15f , respectively. The midpoint of intensity change is seen at pD 5.7 for both bands, indicating that the imidazole ring of His37 is protonated below pD 5.7 and that the cationic imidazole ring interacts with the indole ring of Trp51. Further examination of Raman spectra with 229-nm excitation shows that the protonation of His37 causes intensity increases of Trp Raman bands (Fig. 15d) unlike the decreases observed with 244-nm excitation (Fig. 15c) . This type of intensity change is characteristic of cation-π interaction (see Sect. 3·7). Since the channel is activated below pH 5.8, the Raman spectroscopic findings strongly suggest that the protonation of His37 and the resultant cation-π interaction between His37 and Trp51 play a 27,28 A bundle of four identical transmembrane helices forms a proton-permeable channel. His37 and Trp51 are the key residues in the channel activity.
role in the activation of the M2 proton channel.
Additionally, the W3 wavenumber was observed to change from 1553 to 1550 cm -1 upon activation of the channel, suggesting a small reorientation of the Trp41 indole ring (see Sect. 3·2). The W17 Raman band appeared at 878 cm -1 irrespective of pH, indicating that the indole ring of Trp41 is involved in a medium-strength hydrogen bond in both the active and the inactive states of the channel (see Sect. 3·5). The intensity ratio of the W7 doublet I1360/I1340 was observed to be much greater than unity, suggesting a strong hydrophobic interaction of the Trp51 indole ring (see Sect. 3·6). On the basis of these Raman spectroscopic findings, a molecular model for the M2 channel activation was proposed. 27, 28 UV Raman spectroscopy has also been utilized to build a model for the proton channel of influenza B virus. 59 
Concluding Remarks
Raman bands of aromatic ring vibrations are selectively enhanced with UV excitation, and therefore UV Raman spectroscopy serves as a powerful tool for investigating the structures and interactions of the aromatic side chains of Phe, Tyr, Trp, and His in proteins. Intensities and wavenumbers of UV Raman bands arising from aromatic side chains are affected by many structural factors and interactions, such as protonation/deprotonation, conformation, metal coordination, environmental polarity, hydrogen bonding, hydrophobic interaction, and cation-π interaction. To extract structural information from the observed Raman spectra, Raman markers based on empirical spectra-structure correlations are useful, as reviewed in this article. Although many Raman markers have so far been discovered, new markers, giving not only qualitative but also quantitative pictures, are still demanded. Future advances in experimental technology for obtaining high-quality UV Raman spectra and in theoretical analysis of spectra-structure correlations will make UV Raman spectroscopy more powerful in the structural analysis of aromatic residues, which sometimes play critical roles in protein functions. 
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